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Abstract 
Di(2-ethylhexyl)phthalate (DEHP) was chosen as the model compound in 
the present study. DEHP is a member of phthalate esters (PEs), which mainly spent 
as a plasticizer in polyvinyl chloride (PVC) plastics production. Due to prevalent use 
and high toxicity, it becomes a concerning water pollutant. Even so, the existing 
treatment technologies have not yet reached commercial application because of the 
usage of single method that bears negative aspect. Accordingly, the present study 
focused on the application of integrated method, biosorption prior to photocatalytic 
oxidation (PCO). 
Chitinous materials are recognized as effective biosorbents for a variety of 
pollutants removal. Experimental results showed that chitin A was the most 
cost-effective biosorbent among the three chitinous materials (chitin A, chitin B and 
chitin C) studied; and under the selected conditions: chitin A concentration = 500 
mg/L, initial pH = 2, biosorption time = 5 min, temperature = 22±2®C, agitation rate 
= 1 5 0 rpm, the removal capacity (RC) and removal efficiency (RE) of 10 mg/L 
DEHP were 16.79 mg/g and 90.29%, respectively. 
DEHP was effectively removed and concentrated from aqueous solution 
through the adsorption onto chitin A but its toxicity still preserved. For this reason, 
PCO was used to degrade the DEHP-adsorbed chitin. The optimal PCO conditions 
were: 0.65 mW/cm^ UV-A intensity, 100 mg/L TiOi, 10 mM H2O2, at pH 12 with 45 
min irradiation time. Degradation intermediates/products of phthalates, ester, 
anhydride and some aliphatic compounds generated during PCO process were 
identified by gas chromatography/mass spectrometry (GC/MS). And reduction in 
toxicity was assessed by using the Microtox® test. The combination of biosorption 
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1. Introduction 
1.1 Di(2-ethylhexyl)phthalate (DEHP) 
1.1.1 The chemical class of DEHP: Phthalate ester 
DEHP is one of the members of phthalate esters (PEs) (Figure 1.1), which 
is a group comprises various esters of phthalic acid (1,2-benzene dicarboxylic acid), 
that synthesized through esterification of phthalic anhydride and the corresponding 
alcohol (Staples et al., 1997a; Call et al., 2001). 
0 
0 
Figure 1.1 Structure of PE. 
Since the 1970，s，PEs have been constantly detected in aquatic 
environment (Hashizume et al., 2002). PEs are among the most abundant man-made 
chemicals in the environment (Thomsen et al” 2001). They are widely used and 
present in virtually every major product category (Table 1.1) (Muneer et al., 2001; 
Kim, 2003). 
By far the most important usage is as plasticizers primarily in the 
production of polyvinyl chloride (PVC) plastics to impart flexibility (Muneer et al” 
2001; Kim, 2003; Psillakis et al., 2004). The use of PEs as plasticizers dates back to 
around 1940 and very substantial tonnages of the products have consequently been 
used (Brown et al., 1996). 
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Table 1.1 Application ofPEs. 
Class Substance Reference 
Agricultural Pesticides Blount et al., 2000; Lovekamp-Swan & 
Davis, 2003 
Industrial Ammunition Kim, 2003 
Automotive Muneer et al； 2001 
Clothing Tanaka, 2003 
Construction Warns, 1987; Muneer et al., 2001 
Cosmetics Peakall, 1975; Adams et al., 1995; Staples et 
al., 1997a; Kim, 2003; Yuan et al； 2002 
Medical products Warns, 1987; Muneer et al., 2001; Tanaka, 
2003 
Package Warns, 1987; Adams et al., 1995; Muneer et 
al., 2001; Tanaka, 2003 
Plasticizers Shanker et al., 1985; Warns, 1987; Adams et 
al., 1995; Staples et al； 1997a; Bajt et al., 
2001; Moore et al., 2001; Thomsen et al” 
2001; Hashizume et al., 2002; Yuan et al., 
2002; Marttinen et al., 2003b; Tanaka, 2003; 
Chang et al., 2004; Psillakis et al., 2004 
Toys Lovekamp-Swan & Davis, 2003 
Domestic Household products Muneer et al., 2001 
Insect repellents Peakall, 1975; Adams et al., 1995; Staples et 
al； 1997a; Yuan et al., 2002 
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1.1.2 Characteristics of D E H P 
DEHP is a colorless oily liquid at ambient condition, its structure and 
physical properties are illustrates in Figure 1.2 and Table 1.2 respectively. 
^ Q ^ 
Figure 1.2 Structure of DEHP. 
Table 1.2 Physical properties of DEHP (Warns, 
1987; Staples et al., 1997b; Psillakis et al., 2004). 
Property 
CAS no. 117-81-7 
Formula C24H38O4 
Molecular weight (g/mol) 390.6 
Melting point (°C) -47 
Boiling point (�C) 387 (5 mm Hg) 
Specific gravity (20�C) 0.986 
Vapour pressure (mm Hg) 1.0 x 10"^  
Water solubility (mg/L) 3 x 10'^  
Log^ow 7.50 
DEHP was first produced in the United States of America (USA) in 1939 
and is the most common and persistent PEs found in wastewater (US Department of 
Health and Human Services, 2002; Alatriste-Mondragon et al., 2003). Its annual 
production amounts to 3 - 4 million tons (Gavala et al., 2004). The majority is used 
3 
in the USA (Warns, 1987). Approximately 95% of DEHP is used as a plasticizer in 
PVC plastics, and it accounts for nearly 90% of European plasticizer use (Warns, 
1987; US Department of Health and Human Services, 2002; Psillakis et al., 2004). 
Non-plasticizer use is in dielectric fluids for electric capacitors, as an inert ingredient 
in pesticides, as vacuum pump oil and as a component of cosmetic products (US 
Department of Health and Human Services, 2002). The DEHP content of the 
products varies depending on the application of the plastic, but, in general, it is 
between 20 and 40% of the weight (Warns, 1987). 
1.1.3 Sources of release and environmental concentration 
Large-scale production and widespread use, combined with the fact that 
DEHP is physical rather than chemical incorporated in the polymeric matrix, provide 
the potential for it to enter the ecosystem (Adams et al” 1995). Pollutant sources are 
various (Jeng, 1986; Warns, 1987; Staples et al； 1997a; Fatoki & Noma, 2002; 
Maittinen et al., 2003a; Marttinen et al., 2003b; Psillakis et al., 2004): 
- D o m e s t i c : from everyday products during use or after disposal 
- Indus t r ia l : during manufacture, distribution, incorporation into products as well 
as discharge of untreated or partially treated effluent 
- O t h e r s : effluent of sewage treatment plants, waste incineration and leaching from 
disposed plastics wastes in landfill 
A large fraction of yearly produced quantities is released into environment 
and finally DEHP becoming a ubiquitous water pollutant. Many researchers 
monitored its content in various matrices (Table 1.3): 
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Table 1.3 Environmental concentrations of DEHP. 
Environment Matrix Concentration Reference 
Atmosphere Air 0.3 - 22 ng/m^ Warns, 1987 
Hydrosphere Ground water 20- 170 |Lig/L Warns, 1987 
Harbour water 0.06 - 2306.8 |ig/L Fatoki & Noma，2002 
Landfill 1 - 89 |ig/L Marttinen et al., 2003a 
leachate 
Mineral water Not detected - 0.42 Hashizume et al., 2002 
^ig/L 
River water 4.6 - 90.5 }ig/L Fatoki & Noma, 2002 
Sewage 98 - 122 |ag/L Marttinen et al., 2003b 
Tap water Not detected - 5.22 Hashizume et al., 2002 
|ig/L 
Well water 0.78 |ig/L Hashizume et al., 2002 
Terrestrial Soil 1.5 mg/kg dry weight Warns, 1987 
Lake sediment Not detected - 7.25 Wang et al., 2002 
mg/kg 
River sediments 0.5 - 23.9 j^g/g Yuan et al” 2002 
Sewage sludge 55.1 - 163.3 mg/kg dry Alatriste-Mondragon et 
weight al, 2003 
1.1.4 Persistence of D E H P 
DEHP is a rather stable compound in the natural environment, it has a 
half-life of over 100 years (Warns, 1987). The low vapour pressure (listed in Table 
1.2) of DEHP indicates poor volatilization (Marttinen et al., 2003b). Abiotic 
transformation, oxidation, photolysis and chemical hydrolysis of DEHP can be 
5 
regarded as negligible (Warns, 1987; Staples et al., 1997a; Staples et aL, 1997b; 
Marttinen et al., 2003b). Biodegradation is considered to be the most significant 
aquatic fate process for DEHP (Staples et al； 1997a). Yet, the stability of its 
molecular structure originates from the steric hindrance of the alcohol side chain 
configuration (i.e. 2-ethylhexanol) renders it resistant to biological degradation, 
therefore DEHP degradation rate is very low in both aerobic and anaerobic 
conditions (Staples et al., 1997a; Yuan et aL, 2002). The tendency of DEHP to adsorb 
on solid particles because of its hydrophobicity may reduce the degrading 
effectiveness of microorganisms by lowering the bioavailability of DEHP, thus 
retarding the degradation process (Marttinen et al., 2003b; Chang et al； 2004). 
Besides, the presence of other contaminants e.g. PAHs can be used as carbon and 
energy sources prior to DEHP, thus decreasing biodegradability and delay DEHP 
degradation (Chang et al., 2004). 
Because of the recalcitrance, DEHP has caused many sites to be 
contaminated for a long time. 
1.1.5 Routes of exposure 
Exposure of the general human population to DEHP is approximately 30 
|ig/kg of body weight per day (Kambia et al. 2003). The most likely route was 
through consumption of residue in water and food (e.g. fish, seafood, meat, milk, 
cheese, eggs or food coming in contact with containers and wrappings containing 
DEHP), and a lesser extent of inhalation and dermal contact (Steiner et al., 1998; 
Doull et al., 1999; US Department of Health and Human Services, 2002; Kambia et 
al., 2003; Lovekamp-Swan & Davis, 2003). 
Higher daily exposures can occur occupationally (Doull et al., 1999; 
Kambia et al. 2003). Workers exposed to DEHP through inhalation of aerosols or 
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mists during the manufacture, formulation, and processing of plastics (US 
Department of Health and Human Services, 2002). The exposure may be up to about 
700 |Lig/kg which exceeds the tolerable daily intake (TDI) of human presumed as 
40-140 |ig/kg body weight per day (Doull et al； 1999; Inoue, 2000; Kambia et al. 
2003; Tanaka, 2003). 
Another high-risk population is patient that undergoes medical procedures 
(US Department of Health and Human Services, 2002). It consists of hemophiliacs 
and dialysis patients that receiving dialysis treatments or blood transfusions from 
sources that have contacted DEHP-containing tubing or containers (US Department 
of Health and Human Services, 2002). Estimates of exposure levels indicate that the 
former may be exposed to 1 to 2 mg DEHP/day and the latter to an average dose of 
40 to 75 mg/day (US Department of Health and Human Services, 2002). Patient 
undergoing long-term treatment can be particularly at risk of potential toxicity due to 
regular exposure. 
1.1.6 Toxicity of D E H P 
The widespread occurrence of DEHP in the environment raises concern 
about its toxicological effects on living organisms. 
1.1.6.1 Acute toxicity 
DEHP is considered to be a substance of low order of acute toxicity 
(Shanker et al., 1985; Warns, 1987). The acute toxicity test performed with the 
freshwater invertebrates midge (Chironomus tentans), amphipod (Hyalella azteca) 
and oligochaete {Lumbriculus variegatus) by Call et al. (2001) found that no 
significant survival reductions were observed. Likewise, Adams et al. (1995) 
demonstrated that DEHP was not acutely toxic to green algae {Selenastrum 
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capricornutum), epibenthic invertebrate waterflea (Daphnia magna) and mysid 
shrimp {Mysidopsis bahia), benthic invertebrate midge {Paratany tarsus 
parthenogenetica) as well as fish bluegill sunfish {Lepomis macrochirus), fathead 
minnow {Pimephales promelas), rainbow trout {Salmo mykiss), and sheepshead 
minnow (Cyprinodon variegatus) at concentration approaching its aqueous solubility. 
Insufficient mortality occurred to calculate either LC50 or EC50 values or acute 
no-observed-effect concentrations (less than 10% mortality for fish, or 
immobilization for invertebrates, or cell count decrease for green algae) for DEHP 
(Adams et al., 1995). The lack of acute lethality observed was resulted from its very 
low water solubility and consequent inability to accumulate a critical body burden 
(Adams et al., 1995; Call et al., 2001). 
1.1.6.2 Chronic toxicity 
Nevertheless, many chronic effects have been identified. As when a certain 
amount of DEHP is administered gradually but continually, a more complete 
metabolic transformation occurs than when it is administered as a single dose (Warns, 
1987). 
1.1.6.2.1 Adverse effects on reproduction system 
DEHP is both female and male reproductive toxicants. Lovekamp-Swan & 
Davis's study (2003) demonstrated that the ovary was a target site for DEHP and it 
exerted primary functional alternation through suppresses estradiol production in the 
ovary, prolonged estrous cycles, and to end with anovulations in female rats 
(Lovekamp-Swan & Davis，2003). 
Meanwhile, DEHP has adverse effects on male reproductive system with 
consequences of reduction in the relative weight of testes, sperm production, 
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histological changes in semiferous tubuli and decrease in male fertility (Foster et al., 
1980; Thomas & Thomas, 1984; Gray & Gangolli，1986; Sjoberg et al” 1986; Warns, 
1987; Lovekamp-Swan & Davis，2003). The degeneration of testes is correlated to 
the increase excretion of zinc originated from testicular tissue and lead to decrease in 
the activity of enzyme containing zinc (Foster et al., 1980; Thomas & Thomas，1984; 
Lovekamp-Swan & Davis, 2003). 
1.1.6.2.2 Carcinogenicity 
DEHP, which was first listed in the third annual report on carcinogens by 
United States Department of Health and Human Services in 1983, is reasonably 
anticipated to be a human carcinogen based on sufficient evidence of carcinogenicity 
in experimental animals (US Department of Health and Human Services, 2002). 
When administrated in the diet, DEHP increased the incidence of hepatocellular 
carcinomas in rats and mice and liver neoplastic nodules in male rats (Cheng et al., 
2000; US Department of Health and Human Services, 2002). Study performed by 
Anderson et al. (1999) reported DEHP was a weak direct acting mutagen in 
Salmonella typhimurium strain TA 100，which was thought predominantly to be 
linked to cancer pathology through proliferation of hepatic peroxisomes. Since only 
sufficient evidence from animal studies but inadequate data was available in humans, 
DEHP is classified as probable human carcinogen (Group B2) by US Environmental 
Protection Agency (USEPA) (Alatriste-Mondragon et al., 2003). 
1.1.6.2.3 Developmental toxicity 
DEHP exhibits developmental toxicity includes reduced implantations, 
increased resorptions, decreased fetal body weight, and increased malformations on 
the pregnant rodent and fetus (Kaul et al., 1982; Lovekamp-Swan & Davis, 2003). 
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1.1.6.2.4 Endocrine disruption 
DEHP is an endocrine disrupting chemical that instigate disturbance in 
endocrine system (Petrovic et al., 2001; Psillakis et al., 2004). Moore et al. (2001) 
suggested DEHP causes abnormal sexual development of male reproductive system 
in rats by acting as an antiandrogen primarily. 
1.1.6.2.5 Hepatotoxicity 
The liver plays an important role in the metabolism of DEHP and therefore 
it acts as an important target for its toxic action (Warns, 1987). Macroscopically 
visible effects are swelling and increased weight (Warns, 1987; Chan, 2002a). 
Whereas at the cellular level, increased pigmentation, occurrence of fatty vacuoles 
and fatty degeneration as well as alternation of several hepatic enzymes activity can 
be distinguished (Warns, 1987). Additionally, DEHP suppresses glucose metabolism 
and thus affect energy metabolism (Warns, 1987). Disturbances in lipid metabolism 
and hepatic function observed could be explained by the inducer effects of DEHP on 
peroxisomal proliferation and p-oxidation of fatty acids (Bell et al., 1978; Kambia et 
al., 2003). 
1.1.7 Regulations 
Several regulatory bodies, such as the USEPA and European Union (EU) 
classified DEHP in their top priority lists for risk assessment, mandating the 
reduction and elimination of DEHP pollution (USEPA, 1991; Halmann, 1992; EU, 
2001; Muneer et al., 2001; Marttinen et al., 2003a; Psillakis et al., 2004). Moreover, 
USEPA also regulates DEHP under the Clean Water Act (CWA), Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA), Resource 
Conservation and Recovery Act (RCRA), Superfund Amendments and 
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Reauthorization Act (SARA), and Toxic Substances Control Act (TSCA) (US 
Department of Health and Human Services, 2002), it also set the maximum 
contaminant level (MCL) for DEHP in water system at 6 |Lig/L (Penalver et al” 2001). 
World Health Organization (WHO) recommended the limit of DEHP concentration 
for household water is 8 [ig/L (Marttinen et al., 2003b) and European Commission 
proposed the maximum acceptable value for sludge to be used in agriculture is 100 
|ig/g dry weight (European Commission, 2000; Marttinen et al., 2003b). 
1.2 Treatment of D E H P 
It has been stressed that ubiquitous and recalcitrance DEHP was harmful to 
environment, therefore the investigation of treatment technologies of DEHP is of 
great interest both from environmental and ecological points of view. 
1.2.1 Conventional treatment technologies 
Numerous studies have demonstrated treatment of DEHP in aqueous 
environment, the remediation methods can be classified into three categories: 
physical method, photochemical method and biological method. 
1.2.1.1 Physical method 
1.2.1.1.1 Adsorption 
Murai et al. (1998) used p-cyclodextrin polymer (p-CDP) as adsorbent to 
remove DEHP. p-CDP (Figure 1.3) is a polymer that cross-linked epichlorohydrin 
with P-cyclodextrin (P-CD), which CD is cyclic oligosaccharide that converted from 
starch and able to form inclusion complex with various low-polarity or non-ionic 
organic compounds (Wang & Brusseau，1993; Murai et al., 1998). DEHP was found 
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to be included in the hydrophobic B-CD cavitv u r . . , • , ^y Dy lorming inclusion complex. 
<卜人、} 
Figure 1.3 Structure of p-CDP. 
Although adsorption has high capacity for DEHP removal, it simply 
changes the phase of the pollutants and generates contaminated adsorbent, while the 
absolute toxicity of the substances is preserved (Hager et al” 2000; Zhu et al； 2000). 
1.2.1.1.2 Sonolysis 
Sonolysis, as an advanced oxidation process (AOP) which will be describes 
in details in Section 1.2.2.2.1, involves the use of ultrasound irradiation to induce 
acoustic cavitation (Gogate, 2002). The process releases large quantities of energy in 
extremely small time intervals through the cyclic formation, growth and subsequent 
collapse of microbubbles (cavities) (Gogate, 2002). Heat generated through the 
cavity implosion decomposes water molecules into hydroxyl radicals (•OH) and 
hydrogen atoms (Ince et al； 2001). Hydrogen peroxide (H2O2) and molecular 
hydrogen (H2) will be produced during recombination upon cooling (Ince et al., 
2001). The equations involve in the process are shown below: 
H2O + heat ^ H + •OH � 
2H + 2-OH — H2O2 + H2 (2) 
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DEHP can be destroyed either inside the bubbles or at the interface 
between bubbles and surrounding liquid via thermal decomposition and 
hydroxylation, as well as in the solution bulk through oxidative degradation by •OH 
and H2O2 (Ince et al., 2001). 
However, this effort does not meet the demand of cost-effectiveness as the 
removal procedure is high energy requirement. 
1.2.1.2 Photochemical method 
1.2.1.2.1 Photocatalytic oxidation (PCO) 
Similar to sonolysis, PCO (described in Section 1.2.2.2) is a type of AOP. 
Chan (2002a) used this destruction method to remove DEHP in aqueous phase. 
However, it possesses a demerit of cost-ineffectiveness if the pollutant is in a low 
concentration. 
1.2.1.3 Biological method 
1.2.1.3.1 Biodegradation 
DEHP is biodegradable as mentioned in Section 1.1.4. Microorganisms (e.g. 
bacteria and fungi) which possess diverse kinds of enzymes to degrade organic 
matters are employed. Their degradability is due to their capability to utilize the 
pollutant as sole source of carbon and energy, but their degradation pathway depends 
on the species and enzyme involved (Shanker et al., 1985; Chang et al., 2004). 
Zeng et al. (2002) discovered bacterium Pseudomonas fluorescens FS1 that 
isolated from the activated sludge at a petrochemical factory was capable of using 
DEHP as the sole carbon and energy source. The proposed tentative pathway by the 
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responsible intracellular degradation enzyme under aerobic condition was: monoester 
at the beginning, further degradation of monoester yields phthalic acid, benzonic acid, 
phenol, and finally CO2 and H2O. 
Other studies of aerobic degradation involve Corynehacterium sp. isolated 
from river sediment (Chang et al., 2004), Sphigomonas sp. obtained from 
petrochemical sludge (Chang et aL, 2004) and Acinetobacter sp. acquired from river 
water (Hashizume et al., 2002) and anaerobic degradation involve Clostrium sp., and 
Bacillus sp. attained from river sediment (Chang et al., 2005) also shown certain 
degradation ability on DEHP. 
This removal procedure encounters with certain disadvantages such as long 
time requirement to render DEHP harmless and complete degradation is hardly 
obtained (Murai et aL, 1998). 
1.2.1.3.2 Sewage treatment process 
DEHP removes in sewage treatment process contributed by three different 
mechanisms: adsorption to primary and secondary sludges, activated sludge process 
and digested anaerobically (Marttinen et al., 2003b). Among the removal, DEHP 
concentration is found high in the sludge as DEHP has low water solubility and high 
octanol-water partition coefficient (Marttinen et al., 2003b). 
The reduction of DEHP concentration at several sewage treatment 
processes has been 60-100%, the removal efficiencies vary (Marttinen et al., 2003b). 
Moreover, treated sludge contains DEHP and necessitates proper disposal in further 
steps, which otherwise causes secondary pollution. But Banat's group (1999) stated 
sludge processing and disposal may account for over 50% of both the capital 
investment and operational costs, that increases the burden of this process. 
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1.2.2 Integrated treatment method in the present study 
Although DEHP is becoming a concerning water pollutant, the existing 
treatment methods are neither cost-effective nor prompt. Hence, despite much effort, 
few treatment technologies have yet reached commercial application. There is a 
strong need to look for an alternative treatment process for such pollutant. 
In fact, most of the studies related to the use of single method for DEHP 
treatment, current research efforts is directed towards the possibility of an integrated 
treatment method, biosorption prior to PCO, that capable to overcome one's 
weaknesses by acquiring another one's strong point. 
1.2.2.1 Biosorption 
In recent years, considerable interest has been shown on the application of 
biological materials for adsorption. 
1.2.2.1.1 Definition of biosorption 
Biosorption is a process that utilizes inexpensive non-living biomass to 
sequester toxic pollutants (Wilkins & Yang，1996; Kim & Park，2001; Kim, 2003). It 
can be considered as a collective term for a number of passive accumulation 
processes that in any particular case may include adsorption, chelation, complexation, 
coordination, ion exchange and micro-precipitation (Wilkins & Yang, 1996; Kim & 
Park, 2001). It is a purely physicochemical process that pollutant is concentrated (An 
et al, 2001). 
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1.2.2.1.2 Advantages of biosorption 
Biosorption has the potential advantage of allowing removal of trace 
amounts of toxic pollutants from dilute aqueous wastes (Benguella & Benaissa， 
2002). Rengaraj & Moon (2002) affirmed that removal of pollutants at high 
concentrations from water can be readily accomplished by chemical precipitation or 
electrochemical method, but at low concentrations, removal of such pollutants is 
more effectively implemented by biosorption. Study on biosorption always show 
high uptakes and rapid kinetics (Kim & Park，2001). In combination with the 
allowance of recovery of the pollutant in a concentrated form (Volesky, 1990; 
Annadurai et al., 1999; Kim & Park, 2001; Bai & Abraham, 2003), biosorption is an 
attractive treatment option. 
1.2.2.1.3 Chitinous materials as biosorbents 
In the current study, chitinous materials are used as potential biosorbents 
for DEHP removal from aqueous solution. Chitin (Figure 1.4a)，pure polymerized 
form of 7V-acetyl glucosamine, is a cellulose like biopolymer distributed throughout 
nature, especially in marine invertebrates, insects, flingi and yeasts (Austin et al., 
1981; Ravindra et al., 1998; Annadurai et al., 1999; Kim & Park, 2001). Chitosan 
(Figure 1.4b) is the deacetylated derivative of chitin, it exists naturally in some fungal 
cell walls such as the Mucorales strains or can be produced chemically from chitin 
(Bailey et al” 1999; Wu et a!., 2001). In chitosan, a large fraction of repeating units is 
replaced by amino groups (Evans et al., 2002). Due to the presence of hydroxyl and 
amino groups, chitinous materials are potential biosorbents for various substances 
(Annadurai et al., 1999). 
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tl Figure 1.4 Structure of (a) chitin and (b) chitosan (Chiou & Li, 2003). 
Several biosorption studies consider the possible application of chitinous 
materials for wastewater treatment (presented in Table 1.4). As chitinous materials is 
recognized as effective biosorbents for variety of pollutants, the feasibility of the 
present approach (i.e. preconcentration of DEHP on chitinous materials) is explored. 
1.2.2.1.4 Advantages of using chitinous materials as biosorbents 
Biosorption technology based on the utilization of chitinous materials 
offers certain advantages. The major interesting feature is chitinous materials is the 
second most abundant natural polysaccharides, so it is available in large quantity, 
biodegradable and non-toxic (Hiroyuki et al； 1993; Cho et al., 1998; Annadurai et al., 
1999; Bailey et al., 1999; Kumar, 2000; Chiou & Li，2003). Moreover, chitin and 
chitosan are now widely produced commercially from crab and shrimp waste shells 
(Evans et al., 2002). The seafood products are used for food processing, which either 
made into canned meat or frozen goods. Consequently, their shells can be attained 
cheaply as by-product or process waste (Hiroyuki et al., 1993; Annadurai et al., 1999; 
An et al., 2001; Bailey et aL, 1999; Kim & Park，2001; Kim, 2003). It can avoid 
expensive disposal and relieve the burden of solid waste that bears economic 
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Table 1.4 Pollutants that can be removed by chitinous materials. 
Biosorbent Class Substance Reference 
Chitin Metal ion CcP An et a/., 2001; 
Benguella & Benaissa, 
2002; Kim, 2003 
Cr3+ An et z^/., 2001; Kim, 
2003 
Cu2+ An et a/., 2001 
Pb2+ An a/., 2001; Kim & 
Park, 2001; Kim, 2003 
Organic PCP Chan, 2002b 
compound 
Reactive dye Verofix red Annadurai et al., 1999 
FD&C Red No. 40 Cho et al., 1998 
Chitosan Metal ion Cu^ "" Wuet ai, 2001 
CcP Evans et al., 2002 
Organic Pentachlorophenol (PCP) Chan, 2002b 
compound 
Reactive dye Sumifix Super Scarlet 2 GF Wu et al., 2001 
(Reactive Red 222, RR222) 
Sumifix Super Yellow 3 RF Wuet al., 2001 
(Reactive Yellow 145, RY145) 
Sumifix Super Navy Blue BF Wu et al., 2001 
(Reactive Blue 222, RB222) 
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and environmental advantages (Evans et al., 2002). In addition, utilization of dead 
biomass would be particularly advantageous, since it does not require nutrient supply 
and may be used in hostile environments (Bousher et al., 1997; Dias et al., 2000; Bai 
& Abraham, 2003). These properties make chitinous materials an attractive 
processing aid in wastewater treatment. 
1.2.2.1.5 Modeling of biosorption 
The DEHP adsorbed by chitinous materials can be quantitatively evaluated 
using adsorption isotherms. In order to describe the isotherm mathematically, the 
experimental data is correlated by the monolayer adsorption models, Langmuir and 
Freundlich isotherms, which are the most widely used isotherms for modeling of 
equilibrium and can give a good description of the experimental behaviour in the 
operating conditions (Benguella & Benaissa, 2002; Pagnanelli et al； 2003; Tewari et 
al., 2005). 
Langmuir isotherm assumes that only monolayer adsorption on a surface 
containing a finite number of identical sites (Chan, 2002b; Tewari et al., 2005). It 
characterizes homogenous adsorption (Scott and Karanjkar, 1995; Chan 2002b; 
Voudrias et al； 2002; Selatnia et al” 2004): 
- Adsorption energy of all sites is identical and independent of the presence of 
adsorbate on the neighboring sites 
- N o transmigration of adsorbates in the plane of the surface 
- N o interaction between the adsorbed molecules 
The Langmuir model can be expressed as 
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CJqe = CJqmax + ^ I {qmax b) (3) 
where Ce = equilibrium concentration of DEHP (mg/L) 
qe = removal capacity (mg/g) 
qmax = maximum adsorption capacity (mg/g) 
b = affinity constant (L/mg) 
After the data is obtained, a graph of CJqe was plotted against Ce to give a 
straight line with a slope of \ I qmax and a y-intercept of \ I {qmax b). Therefore, the two 
Langmuir constants, q^ax and b, can be obtained and used to compare the removal 
abilities of the biosorbents. 
Freundlich adsorption isotherm characterizes the heterogeneous adsorption 
(i.e. the binding sites are not equivalent and/or independent) and the adsorbed 
adsorbates may interact with each other as well as the energy varies as a function of 
the surface coverage, and hence variation of the heat of adsorption (Scott and 
Karanjkar, 1995; Tewari et al., 2005). The model can be expressed as: 
In qe = \nk+ \/n In Q (4) 
where Ce = equilibrium concentration of DEHP (mg/L) 
qe = removal capacity (mg/g) 
k = adsorbent capacity 
Mn = adsorption intensity 
\/n and k are the isotherm constants that can be determined from the slope 
and y-intercept of the plot of In qe against In Ce respectively. 
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1.2.2.2 P C O 
As aforementioned, biosorption is a physical method unable to destruct 
DEHP. By amalgamating with PCO, the model compound can be eliminated. 
1.2.2.2.1 Definition of P C O 
PCO is a kind of AOP, which defined broadly as the aqueous oxidation 
processes that based primarily on the intermediacy of •OH in the mechanism 
resulting in the destruction of target pollutant (Esplugas et al., 2002). There are many 
different types of AOP (Esplugas et al., 2002): 
- O 3 
- O 3 / H 2 O 2 
- U V (Photolysis) 
- U V / O 3 
- U V / H 2 O 2 
- U V / O 3 / H 2 O 2 
- U V / T i 0 2 / 0 2 (Photocatalysis) 
-Fe2+/H202 (Fenton's reagent) 
Among the possible applications, Ti02-mediated PCO is a promising AOP 
for water detoxification (Vione et al., 2001). It has been investigated widely as new 
and competitive remediation technology in the past decade and the examined 
substances are well documented in literature (listed in Table 1.5). 
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Table 1.5 Substances that can be degraded by PCO. 
Class Substance Reference 
Aromatics Phenanthrene Wen et al., 2002 
Pyrene Wen et al., 2003 
Dyes Direct fast scarlet 4BS Zhu et al., 2000 
Acid red 3B Zhu et aL, 2000 
Procion Red MX-5B So et al., 2002 
Herbicides Bromacil Muszkat et al., 
2002 
Metribuzin Muszkat et al； 
2002 
Hydrazine Oxalyldihydrazide Waki et al” 2000 




Phenolic Phenol Esplugas et al； 
compounds 2002 
4-nitrophenol Andreozzi et al., 
2000 
2-chlorophenol Chan et al., 2001 
Phthalate 1,2-diethyl phthalate Muneer et al, 
2001 
Di(2-ethylhexyl)phthalate Chan, 2002a 
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PCO can be an efficient way to eliminate DEHP as evidence by the 
successful removal of a great kind of pollutants listed above. For this reason, my 
research attention has focused on this theme. 
1.2.2.2.2 Mechanism of P C O 
The electron-hole pairs, •OH and •OOH have strong oxidation activity, that 
can oxidize and even completely mineralize most organic compounds (Wen et al., 
2002). It is generally consent that •OH, which has a strong oxidizing potential of 2.8 
eV, is the primary oxidizing agent in PCO process, that initiates a series of oxidative 
reactions and ultimately lead to the complete mineralization of the pollutant (Hager 
et al., 2000; Liu et al., 2004). 
Table 1.6 Oxidation potential of 
several oxidants in water. 





The reaction is initiates on the catalyst surface (Andreozzi et al., 2000). 
Electron-hole pairs are generated by exciting TiOz with UV-A light whose 
wavelength < 400 nm, with the energy equal to or exceeds the band gap energy of 
catalyst (i.e. 3.2 eV) (Hager et al., 2000; So et al., 2002; Wen et al., 2002). The 
reaction occurs at a rate proportional to the light intensity and catalyst loading 
(Andreozzi et al； 2000). 
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Ti02 + hv->e-cB + h \ B (5) 
The mechanism is followed by a series chain reaction involved surface 
adsorbed oxygen and water. The diffusion of the species to semiconductor surface 
where holes (h+vB) react with adsorbed H2O or OH" to form 'OH (Hager et al； 2000; 
Chan, 2001; So et aL, 2002). 
h+vB + H2O 今.OH + H+ (6) 
h+vB + OH-今-OH (7) 
On the other hand, adsorbed oxygen molecules (O2) capture the electrons 
in the conduction band (e'ce) prolong electron-hole recombination rate and result in 
yielding superoxide radical species (•O2") and can interact with proton to 
generate •OOH and •OH ultimately (Hager et al., 2000; Wen et al” 2002; Liu et al” 
2004). 
ecB + 0 2 ^ •Oi' (8) 
•O2- + H+ •> -OOH (9) 
2-OOH ->02 + H2O2 (10) 
H2O2 + •02' + •OH + OH- + O2 (11) 
The efficiency of reaction will depend upon the oxygen concentration, 
which determines the efficiency with which the conduction band electrons are 
scavenged and the electron-hole pair recombination is prevented (Muneer et al., 
2001). 
The loss of electron-hole pairs due to recombination that lowers quantum 
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efficiency of the process. Since the electron transfer reaction is very often the rate 
limiting step in heterogeneous photocatalysis, alternative electron acceptors such as 
H2O2 will be used to improve this reaction and consequently to reduce electron-hole 
pair recombination (Muneer et al., 2001). 
H2O2 + ecB + -OH + OH- (12) 
Additionally, •OH are generated by direct photolysis of H2O2 or the 
reaction with •O2' according to the following reactions which may, in turn, further 
accelerate the photocatalytic degradation of pollutants though it apparently plays a 
minor role (Muneer et al., 2001; So et al., 2002). 
H2O2 + hv ^ 2«0H (13) 
H2O2 + •O2" -> •OH + OH- + O2 (14) 
1.2.2.2.3 Advantages of P C O 
PCO generated much enthusiasm due to the following interesting features 
(Reutergardh & langphasuk, 1997; Andreozzi et al., 2000; Hager et al., 2000; Zhu et 
al., 2000; Muneer et al； 2001; Duan et al., 2002; Epling & Lin, 2002; Muszkat et al., 
2002; So et al., 2002): 
-Degrada t ion of pollutant operates under ambient conditions 
- Capable for complete mineralization of pollutant 
- Suitable for a wide range of pollutants 
- Suitable for a large concentration range 
- The absolute toxicity is reduced because the innocuous final oxidation products 
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are CO2 and H2O 
- T i 0 2 is an inexpensive, non-toxic, insoluble and stable catalyst showing high 
photocatalytic efficiency due to a slow electron-hole pairs recombination rate. It 




The feasibility of an integrated treatment technology, biosorption followed 
by PCO, was explored for DEHP treatment. Biosorption was utilized for 
preconcentration of DEHP on the biosorbent whereas PCO was exploited to destruct 
the adsorbed pollutant. 
For the first part of the present approach, biosorption using three different 
chitinous materials (chitin A, chitin B and chitin C) was studied. After the most 
cost-effectiveness biosorbent was screened, the manner in which biosorption was 
affected by its biosorbent concentration, initial pH, biosorption time, temperature, 
agitation rate and initial DEHP concentration was examined. Adsorption models, 
Langmuir and Freundlich isotherms, were employed to describe the biosorption 
behaviour in the operating conditions. 
Given that biosorption simply changes the phase of pollutant, the absolute 
toxicity is preserved however, PCO was employed to eradicate the adsorbed DEHP. 
The dependence of conversion on operating parameters like reaction time, UV-A 
intensity, TiOz concentration, H2O2 concentration plus initial pH was determined. 
Additionally, the concentration factor of the biosorption system was studied under 
the optimal PCO condition to maximize the cost-effectiveness of the PCO process. 
Finally, the intermediates generated during the PCO process was identified by gas 
chromatography/mass spectrometry (GC/MS) and the toxicity change throughout the 
PCO was evaluated by the Microtox® test. 
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3. Materials and methods 
3.1 Materials 
3.1.1 Adsorbate 
DEHP (Plate 3.1) was purchased from Sigma® Chemical Company Ltd. 
(Dorset, England) at a purity level of 99%. It was used without further purification. 
Stock solution (500 mg/L) was prepared by dissolving 250 mg of DEHP in 500 mL 
methanol (HPLC grade, Mallinckrodt, Paris, Kentucky, USA) and kept at 4°C before 
use. 
Plate 3.1 The appearance of DEHP. 
3.1.2 Biosorbents 
Chitinous materials, chitin A (crude chitin), chitin B (pure chitin) and chitin 
C (chitosan), used as the biosorbents for this study were purchased from International 
Chitin Production Inc. (ICPI, Vancouver, Canada) (Plate 3.2). They were made from 
the spent shell of pink shrimp (Penaeus japonicus) collected from shrimp meat 
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canning industry. 
Plate 3.2 The appearance of (a) chitin A, (b) chitin B and (c) chitin C. 
3.1.2.1 Pretreatment of biosorbents 
Chitinous materials were pretreated before used. Pulverization was done by 
using a Yuan Tai Ghi table set grinding machine (Yu Chi Machinery Co. Ltd.). After 
washing with Milli-Q® ultrapure water (Millipore, Bedford, UK) in a ratio of 1:15 
(w/v) for 1 h at 200 rpm by an orbital shaker (Lab-line 4628-1, Melrose Park, USA), 
they were collected by centrifugation with a Beckman J2-M1 centrifuge machine 
(Beckman, Fullerton, USA) at 14,000 rpm and 4�C for 30 min. The washed 
biosorbents were lyophilized by a freeze-dryer (Labconco, Kansas City, USA) at 0°C 
at a reduced pressure for 5 days, and then stored in a desiccator for later experiments. 
3.1.3 Photocatalytic reactor 
The set-up is shown in Plate 3.3. The whole reactor was covered by a 
stainless steel cylinder for protection as UV-A irradiation < 400 nm is hazardous 
(Plate 3.3a). Inside the reactor, the central position was for Pyrex column (50 cm 
length X 2 cm internal diameter, 1 mm thickness, 160 mL in volume) where the 
reaction mixture was filled. Eight UV-A lamps (15 watts, Vilber-Lourmat, model 
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T-15L/8D, Cole-Parmer, Vemon Hills, USA) were placed to surround the column to 
provide even UV-A irradiation for reaction mixture (Plate 3.3c). The control panel 
(Plate 3.3d) at the bottom was used to control the switch of UV-A lamps, and thus the 
UV-A intensity. In addition, fans mounted at the bottom were used for cooling during 
the reaction in order to provide constant temperature throughout the experiment. Air 
was pumped into the reaction mixture to provide oxygen and mixing effect for the 
PCO reaction (Plate 3.3e). 
• k 
Plate 3.3 The set-up of the photocatalytic reactor: (a) side view (ouisiae;, (b) side 
view (inside), (c) top view, (d) control panel and (e) an air pump. 
3.1.4 Photocatalyst 
The photocatalyst, TiO: (Degussa P25), was kindly provided by the 
Degussa Corporation (Frankfurt, Germany). It is a mixture of anatase and rutile TiO� 
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as shown in Table 3.1. Ten thousand mg/L of Ti02 stock solution was prepared by 
adding 5 g TiO: powder into 500 rtiL Milli-Q® water and then kept in dark at room 
temperature before use. 
Table 3.1 Characteristics of TiO! (Degussa P25) 
(Halmann, 1996; Rachel et al., 2002). 
Characteristic 
Composition (% by weight) Anatase/rutile (70:30) 
BET surface area (m^/g) 55±15 
Particle size (nm) 30 
Isoelectric point (pi) 6.3 
3.1.5 Electron scavenger 
H2O2 was purchased from Riedel-de Haen® (35% by weight, Seelze, 
Germany). It was used without further purification. 
3.2 Methods 
3.2.1 Determination of D E H P concentration 
DEHP concentration was analyzed by reverse-phase high performance 
liquid chromatography (HPLC) using a Waters (Milford, USA) 600 multisolvent 
delivery system equipped with a reverse-phase column Waters Cig Spherisorb ODS 
column, 5 jam particle size. All substances were detected by a Waters 996 photodiode 
array detector at 225 nm. The mobile phase consisted of a binary mixture of HPLC 
grade acetonitrile and methanol (90:10 v/v) (Mallinckrodt, Paris, Kentucky, USA), 
the flow rate was 0.8 mL/min. Concentration of DEHP was calculated from 
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calibration curve obtained from HPLC measurement of the respective compound at 
different concentrations. 
3.2.2 Batch biosorption experiment 
Biosorption experiment was performed in batch in a 125 mL Erlenmeyer 
flask (E-flask) containing 50 mL appropriate concentration of DEHP solution. 
Weighed biosorbent was added into each flask which was then sealed with parafilm 
to minimize evaporation and shaken at constant rate by an orbital shaker at constant 
temperature. Solution without added biosorbent was used as control. Sample (1.5 mL) 
was taken from each flask at particular time interval and filtered immediately by a 
filtering syringe with a glass microfibre filter (GF/C) (Whatman®, Maidstone, 
England) to remove suspended particles. The DEHP concentration in the filtrate was 
determined by reverse-phase HPLC, which the conditions were mentioned in Section 
3.2.1. 
DEHP concentration analyzed by HPLC was used for calculation. The 
removal ability of biosorbent was expressed by removal capacity (RC) and removal 
efficiency (RE). RC is the weight of adsorbate adsorbed per unit weight of biosorbent 
while RE is the percentage removal of adsorbate and they were calculated by the 
following equations: 
RC (mg ofDEHP/g of biosorbent) = F(Co- Cd/W (15) 
RE (%) = [{Co - Cd/Co] X 100 % (16) 
where V = volume of DEHP solution (L) 
Co = initial DEHP concentration (mg/L) 
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Cf = DEHP concentration at time t (mg/L) 
W= dry weight of biosorbent (g) 
Data in triplicates were analyzed statistically by One Way ANOVA with 
p<0.05 followed by multiple comparison test (Tukey test) with a computer package 
of SigmaStat (Version 2.0, Jandel Scientific, Chicago, USA). 
3.2.2.1 Screening of biosorbents 
Eight hundred mg chitin A, chitin B and chitin C were added into 50 mL of 
10 mg/L pH 4 DEHP solution in 125 mL E-flask and shaken at 200 rpm for 1 h by an 
orbital shaker at 22±2°C (room temperature). After screening, the most cost-effective 
biosorbent would be chosen to perform the following experiment. 
3.2.2.2 Optimization of biosorption conditions 
3.2.2.2.1 Effect of biosorbent concentration 
Chitin A of different weights (25, 50，100, 200，400 and 800 mg) was added 
into 50 mL 10 mg/L DEHP solution at pH 4, that means the biosorbent concentration 
ranged among 500, 1,000，2,000, 4,000, 8,000 and 16,000 mg/L. The solution was 
shaken at 200 rpm at 22±2''C for 1 h by an orbital shaker. 
3.2.2.2.2 Effect of initial pH 
Fifty mL of 10 mg/L DEHP solution was adjusted to different pHs (pH 1，2, 
3，4, 5，6，7，8 and 9) by using hydrochloric acid (HCl) (BDH, Dorset, England) and 
sodium hydroxide (NaOH) (Riedel-de Haen®, Seelze, Germany). Twenty-five mg 
chitin A was added into pH adjusted DEHP solution and the solution was shaken for 
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1 h at 200 rpm at 22±2®C. Equilibrium pH was measured by an Orion expandable ion 
analyzer (Boston, USA). 
3.2.2.2.3 Effect of biosorption time 
Twenty-five mg chitin A was added into 50 mL 10 mg/L DEHP solution at 
pH 2. The solution was shaken for different times namely 0, 2, 5, 10，20, 40 and 60 
min at 200 rpm at 22±20C. 
3.2.2.2.4 Effect of temperature 
Effect of temperature was investigated by adding 25 mg chitin A into 50 
mL of 10 mg/L DEHP solution at pH 2 and shaken at 200 rpm for 5 min by an orbital 
shaker at different temperatures (15, 20, 25, 30 and 35°C). 
3.2.2.2.5 Effect of agitation rate 
Twenty-five mg biosorbent was added into 50 mL 10 mg/L DEHP solution 
at pH 2 and shaken at different agitation rates for 5 min by an orbital shaker at 
22士2�C. The agitation rates ranged among 100, 150, 200, 250 and 300 rpm. 
3.2.2.2.6 Effect of initial D E H P concentration 
Twenty-five mg chitin A was added into 50 mL DEHP solution with 
different concentrations (5, 10, 20 and 40 mg/L) at pH 2 and shaken at 150 rpm, 
22±20C for 5 min. 
Besides, the data of the effect of initial DEHP concentration on biosorption 
was analyzed by using the adsorption isotherms, Langmuir and Freundlich adsorption 
isotherms (Kawamura et al., 1997). The data was fitted into the isotherm equations 
described detail in Section 1.2.2.1.5 to determine the biosorption phenomenon of 
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DEHP by chitinA. 
3.2.2.2.7 Combinational effect of initial pH, chitin A concentration and initial 
D E H P concentration 
Chitin A concentration of 500, 1,000 and 2,000 mg/L was added into 
different pHs (2，2.5, 3 and 4) of 50 mL 5，10, 20 and 40 mg/L DEHP solution. The 
solution was shaken at 150 rpm for 5 min by an orbital shaker at 22±2®C. 
3.2.3 Extraction of adsorbed D E H P from chitin A 
Biosorption was conducted at the optimal conditions determined in Section 
3.2.2.2 (initial DEHP concentration = 1 0 mg/L, chitin A concentration = 500 mg/L, 
initial pH = 2, biosorption time = 5 min, temperature = 22±2®C and agitation rate = 
150 rpm), except 100 mL DEHP solution volume was used. DEHP-adsorbed chitin A 
was collected by filtration with GF/C filter paper, and the DEHP concentration in 
filtrate was analyzed by HPLC. The collected biosorbent was transferred into 100 mL 
150 mg/L TiOi solution. The mixture was stirred in dark for 1 h to allow 
adsorption-desorption equilibrium of the system, and 20 mM H2O2 was added 
afterwards. Five mL reaction mixture was sampled and filtered by a GF/C filter paper 
instantaneously. The filtrate was analyzed by HPLC, while the residue was extracted 
by 5 mL extraction agent, shaken at 360 rpm for particular time interval. At last, the 
filtrate of 1.5 mL extract was also analyzed by HPLC. Extraction efficiency (EE) was 
calculated by using the equation below: 
EE (0/0) = CJiCc - C/) X 100 0/0 (17) 
where Cs = DEHP concentration extracted from chitin A (mg/L) 
35 
Cc = DEHP concentration adsorbed on chitin A (mg/L) 
Cf: DEHP concentration in filtrate (mg/L) 
Data in triplicates were analyzed statistically by One Way ANOVA with 
p<0.05 followed by multiple comparison test (Tukey test) with a computer package 
of SigmaStat. 
3.2.3.1 Screening of extraction agents 
The residue of 5 mL reaction mixture was extracted by different types of 
extraction agent for 1 h at 360 rpm. The inquisitional extraction agents included 
methanol, ethanol (HPLC grade, Merck, Darmstadt, Germany), hexane (Mallinckrodt, 
Paris, Kentucky, USA), 0.1 M HCl and 0.1 M NaOH. 
3.2.3.2 Determination of extraction time 
The residue of 5 mL reaction mixture was extracted by methanol for 5, 10, 
20, 40 and 60 min at 360 rpm. 
3.2.4 Batch P C O experiment 
Biosorption experiment was performed under the optimal conditions 
determined in Section 3.2.2.2 (initial DEHP concentration = 10 mg/L, chitin A 
concentration = 500 mg/L, initial pH = 2, biosorption time = 5 min, temperature = 
22±2°C and agitation rate = 150 rpm), except 100 mL DEHP solution volume was 
used. After adsorption, chitin A was collected by filtration with GF/C filter paper and 
the DEHP concentration in filtrate was analyzed by HPLC. The collected biosorbent 
was transferred to 100 mL Milli-Q® water with desired concentration of TiO! and 
stirred in dark for 1 h for equilibration. Then, initial pH of the reaction mixture was 
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adjusted and the required volume of H2O2 was added. The reaction mixture was filled 
into a Pyrex column and the PCO reaction could be started by powering on UV-A 
lamps. To guarantee a constant oxygen supply as well as mixing effect, the 
suspension was continuously aerated throughout the experiment. Five mL sample 
was collected before and in regular time interval during the reaction and filtered by a 
GF/C filter paper. The residue was extracted by 5 mL methanol for 10 min. The 
DEHP concentration in the filtrate and extract was analyzed by HPLC. 
DEHP concentration determined by HPLC was used for calculation. The 
scope of degradation of DEHP-adsorbed chitin was expressed by degradation 
efficiency (DE), which is the percentage DEHP degraded and it was calculated by the 
following equation: 
DE (0/0) = [ ( Q + CyEE) - {Ctf+ a /EE) ] / C,,/EE) x 100 % (18) 
where Co/= initial DEHP concentration in filtrate (mg/L) 
Cor = initial DEHP concentration in residue (mg/L) 
C//= DEHP concentration in filtrate at time t (mg/L) 
Ctr = DEHP concentration in residue at time t (mg/L) 
EE = extraction efficiency (%) 
Data in triplicates were analyzed statistically by One Way ANOVA with 
p<0.05 followed by the multiple comparison test (Tukey test) with a computer 
package of SigmaStat. 
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3.2.4.1 Optimization of P C O conditions 
3.2.4.1.1 Effect of reaction time 
The reaction mixture of 500 mg/L DEHP-adsorbed chitin A, 150 mg/L 
Ti02，20 mM H2O2 at pH 4 (unadjusted pH) was prepared. PCO reaction irradiated at 
UV-A intensity of 0.44 mW/cm (4 UV-A lamps) was conducted. Samples were 
taken at 0，10, 20，30，45 and 60 min. 
3.2.4.1.2 Effect of UV-A intensity 
The reaction mixture with 500 mg/L DEHP-adsorbed chitin A, 150 mg/L 
TiOi and 20 mM H2O2 at pH 4 (unadjusted pH) was prepared. The 45 min PCO 
reaction irradiated at different UV-A intensities (0，0.22，0.44, 0.65 and 0.87 mW/cm^) 
were performed by switching on 0, 2，4，6 and 8 UV-A lamps respectively. 
3.2.4.1.3 Effect ofTiOi concentration 
The reaction mixture with 500 mg/L DEHP-adsorbed chitin A, 20 mM 
H2O2 and different concentrations of TiO: (0，50, 100, 150, 200, 250 and 300 mg/L) 
at pH 4 (unadjusted pH) was prepared. Forty-five min irradiation experiment was 
performed at UV-A intensity of 0.65 mW/cm^ (6 UV-A lamps). 
3.2.4.1.4 Effect of H2O2 concentration 
Five hundred mg/L DEHP-adsorbed chitin A was immersed in 100 mg/L 
Ti02 with different H2O2 concentrations at pH 4 (unadjusted pH). The H2O2 
concentration ranged among 0，5，10，20, 30 and 40 mM. PCO reaction was 
conducted at 0.65 mW/cm^ (6 UV-A lamps) UV-A intensity for 45 min. 
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3.2.4.1.5 Effect of initial pH 
The reaction mixture with 500 mg/L DEHP-adsorbed chitin A, 100 mg/L 
Ti02 and 5 mM H2O2 was prepared. The pH of the reaction mixture was adjusted to 2, 
4, 6，8, 9，10, 11 and 12 by adding HCl and NaOH. After 45 min irradiation by 0.65 
mW/cm^ (6 UV-A lamps) UV-A intensity, equilibrium pH was recorded. 
3.2.4.1.6 Combinational effect of H2O2 concentration and initial pH 
Forty-five min PCO reaction was conducted by using 0.65 mW/cm (6 
UV-A lamps) UV-A intensity irradiated at the reaction mixture with 500 mg/L 
DEHP-adsorbed chitin A, 100 mg/L TiO�，different H2O2 concentrations (5, 10, 20 
and 40 mM) and pHs (6, 10 and 12). 
3.2.4.1.7 Effect of concentration factor 
Different volume (50, 100 and 200 mL) of DEHP solution was used to 
perform biosorption experiment, which meant the concentration factors (CFs) under 
studied were 0.5, 1 and 2. The chitin A collected was immersed in reaction mixture 
with 100 mg/L TiOi and 10 mM H2O2 at pH 12. Sample was taken at 0, 15, 30, 45, 
60, 90 and 120 min during the PCO reaction irradiated at 0.65 mW/cm^ UV-A 
intensity (6 UV-A lamps). 
3.2.4.2 Identification of intermediates/products of D E H P 
PCO reaction was performed under the optimal conditions determined in 
Section 3.2.4.1，with the exception of H2O2 addition. Twenty mL reaction mixture 
sampled at 0, 0.5, 1，2，4, 6 and 8 h time intervals was acidified with concentrated 
HCl and extracted by 10 mL dichloromethane (DCM) (HPLC grade, Mallinckrodt, 
Paris, USA) at 360 rpm for 1 h in a DCM-rinsed extraction tube. The organic phase 
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was dried by a nitrogen evaporator (Associates Inc., Organomation N-Evap, Berlin, 
USA) and the residue was re-dissolved in 0.5 mL methanol. The solution was then 
filtered by a filtering syringe with 0.45 |im PTFE filter (Whatman®, Maidstone, 
England), in which anhydrous sodium sulphate (NaS04) (Riedel-de Haen®, Seelze, 
Germany) was added to remove the remaining water. The intermediates/products 
produced during the DEHP degradation by PCO was identified by gas 
chromatograph/mass spectrometry (GC/MS) with a gas chromatograph 
(Hewlett-Packard, 6890 plus, Woodinville, England) equipped with a mass selective 
detector (Hewlett-Packard, 5973N, Woodinville, England), and an auto injector 
(Hewlett-Packard, 7683，Woodinville, England). One jiiL sample was injected in 
splitless mode for analysis. The analytical conditions were shown in Table 3.2. 
Table 3.2 Analytical conditions for GC/MS (modified from Chan, 2002a). 
Carrier gas Helium (He) 
Injector port temperature 280°C 
Column HP-5 MS column of 5% phenyl methyl silicone 
Column flow rate 1.5 mL/s 
60°C hold for 5 min, increase at 5°C/min to 150°C, 
Oven program 
increase at 15°C/min to 280°C and hold for 20 min 
3.2.4.3 Evaluation for the toxicity of D E H P and the intermediates/products by 
the Microtox® test 
PCO reactions of irradiation time 0，0.5，1，2, 4, 6 and 8 h were performed 
under the optimal conditions determined in Section 3.2.4.1, but without H2O2 
addition. At the end of irradiation, the 100 mL sample was filtered by suction 
filtration with a GF/C filter paper. The toxicity of the filtrate was evaluated by the 
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Microtox® basic or 100% test, while that of the residue was assessed by Solid Phase 
test. All the testing procedure followed the protocol of Microtox® Manual. The 
toxicity of sample was analyzed by a Microbics M500 Microtox® analyzer (Azur 
Environmental, Carlsbad, USA). Median effective concentration (EC50) of the 
samples was automatically calculated by a Microtox® Data Collection and Reduction 
System (Azur Environmental, Carlsbad, USA). 5-min, 10-min and 15-min EC50s of 
aqueous phase test in addition to 10-min EC50 of solid phase test were reported as 
the toxicity parameters. 
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4. Results 
4.1 Batch biosorption experiment 
4.1.1 Screening of biosorbents 
Figure 4.1 shows the DEHP RC and RE of different chitinous materials. In 
the aspect of DEHP affinity to chitinous materials, the order was: chitin C > chitin A 
> chitin B in both RC and RE results. But chitin A was applied in the following 
experiment eventually. 
4.1.2 Optimization of biosorption conditions 
4.1.2.1 Effect of biosorbent concentration 
The result of the influence of chitin A concentrations on DEHP biosorption 
is represented in Figure 4.2. RC decreased from 1.27 to 0.28 mg/g but RE increased 
from 6.84 to 48.11% in concentration range 500 - 16,000 mg/L. Chitin A 
concentration of 500 mg/L was selected as the optimal biosorbent concentration. 
4.1.2.2 Effect of initial pH 
The data of initial pH effect is shown in Figure 4.3. It is obvious that the 
maximum amount of DEHP removal was achieved at pH 2，with RC and RE equaled 
to 14.27 mg/g and 78.16%, respectively. Whereas the initial pH value increased from 
2 to 4, RC and RE decreased to 0.19 mg/g and 1.03%, respectively. In addition, it 
was not possible to conduct the biosorption experiment for pH 1. Finally，pH 2 was 
chosen as the condition for DEHP removal. 
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Figure 4.1 The DEHP (a) RC and (b) RE of different chitinous materials. The 
experimental conditions: DEHP solution volume = 50 mL, initial DEHP 
concentration = 10 mg/L, chitinous materials concentration = 16,000 mg/L, particle 
size < 150 jim, initial pH = 4, biosorption time = 1 h, agitation rate = 200 rpm, 
temperature = 22±2®C. Data shown above represent means of triplicates. Means with 
same letter are statistically identical (One Way ANOVA followed by Tukey test, 
p<0.05) and the error bars represent the standard deviations. 
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Figure 4.2 The DEHP (a) RC and (b) RE of different chitin A concentrations. The 
experimental conditions: DEHP solution volume = 50 mL, initial DEHP 
concentration = 10 mg/L, particle size < 150 ^m, initial pH = 4, biosorption time = 1 
h, agitation rate = 200 rpm, temperature = 22±2°C. Data shown above represent 
means of triplicates. Means with same letter are statistically identical (One Way 
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Figure 4.3 The DEHP (a) RC and (b) RE of different initial pHs. The experimental 
conditions: DEHP solution volume = 50 mL, initial DEHP concentration =10 mg/L, 
chitin A concentration = 500 mg/L, particle size < 150 }im, biosorption time = 1 h, 
agitation rate = 200 rpm, temperature = 22=t2°C. Data shown above represent means 
of triplicates. Means with same letter are statistically identical (One Way ANOVA 
followed by Tukey test, p<0.05) and the error bars represent the standard deviations. 
The numbers represent the equilibrium pHs of the solution mixture. 
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4.1.2.3 Effect of biosorption time 
Figure 4.4 presents the time course of DEHP removal assessed. The RC 
and RE showed similar trend. The initial rate of DEHP adsorption by chitin A was 
rapid, and DEHP removal reached maximum at 2 min (RC = 16.61 mg/g and RE = 
90.44%) followed by a plateau region. Five min was used for the time of adsorption 
in the following experiment. 
4.1.2.4 Effect of temperature 
The effect of temperature governing DEHP biosorption is elicited and 
shown in Figure 4.5. Based on the result, the DEHP RC and RE showed no 
significant difference regardless of temperature variation. 22±2°C (room temperature) 
was the optimal temperature. 
4.1.2.5 Effect of agitation rate 
The obtained RC and RE are presented as a function of agitation rate in 
Figure 4.6. Among the agitation rates studied, the values of RC and RE showed no 
statistically difference after analysis, with the former ranged from 16.28 to 17.35 
mg/g and the latter from 85.65 to 91.90%, thus 150 rpm was selected. 
4.1.2.6 Effect of initial D E H P concentration 
Figure 4.7 represents the variation of RC and RE when initial DEHP 
concentration was altered. RC increased drastically within the initial DEHP 
concentration ranged from 5 to 40 mg/L. On the contrary, RE values remained more 
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Figure 4.4 The DEHP (a) RC and (b) RE of different biosorption times. The 
experimental conditions: DEHP solution volume = 50 mL, initial DEHP 
concentration =10 mg/L, chitin A concentration = 500 mg/L, particle size < 150 |im, 
initial pH = 2，agitation rate = 200 rpm, temperature = 22±2°C. Data shown above 
represent means of triplicates. Means with same letter are statistically identical (One 
Way ANOVA followed by Tukey test, p<0.05) and the error bars represent the 
standard deviations. 
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Figure 4.5 The DEHP (a) RC and (b) RE of different temperatures. The experimental 
conditions: DEHP solution volume = 50 mL, initial DEHP concentration = 10 mg/L, 
chitin A concentration = 500 mg/L, particle size < 150 |am, initial pH = 2, biosorption 
time = 5 min, agitation rate = 200 ipm. Data shown above represent means of 
triplicates. Means with same letter are statistically identical (One Way ANOVA 
followed by Tukey test, p<0.05) and the error bars represent the standard deviations. 
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Figure 4.6 The DEHP (a) RC and (b) RE of different agitation rates. The 
experimental conditions: DEHP solution volume = 50 mL, initial DEHP 
concentration =10 mg/L, chitin A concentration = 500 mg/L, particle size < 150 |im, 
initial pH = 2，biosorption time = 5 min, temperature = 22±2°C. Data shown above 
represent means of triplicates. Means with same letter are statistically identical (One 
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Figure 4.7 The DEHP (a) RC and (b) RE of different initial DEHP concentrations. 
The experimental conditions: DEHP solution volume = 50 mL, chitin A 
concentration = 500 mg/L, particle size < 150 |im, initial pH = 2, biosorption time = 
5 min, agitation rate = 150 rpm, temperature = 22±2°C. Data shown above represent 
means of triplicates. Means with same letter are statistically identical (One Way 
ANOVA followed by Tukey test, p<0.05) and the error bars represent the standard 
deviations. 
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The two adsorption models, Langmuir and Freundlich isotherms are shown 
in Figure 4.8 and the summarized result is presented in Table 4.1. By comparing the 
r^, the r2 of Langmuir isotherm and Freundlich isotherm were 0.8179 and 0.9978, 
respectively, both of them were high. In the aspect of the isotherm constants, for 
Langmuir constants, qmax was 125 mg DEHP/g chitin A and b was 0.17 L/mg. For 
Freundlich constants, k was 4.23 while Mn was 0.69. 
Table 4.1 Summary of Langmuir and Freundlich isotherms for DEHP 
biosorption by chitin A. 
Langmuir isotherm Freundlich isotherm 
r2 qmax b r^ k Mn 
0.8179 125 0.17 0.9978 4.23 0.69 
4.1.2.7 Combinational effect of initial pH, chitin A concentration and initial 
D E H P concentration 
Combinational effect of initial pH, chitin A concentration and initial DEHP 
concentration was demonstrated in Figure 4.9. Experimental result showed that RC 
variation was greater when smaller amount of chitin A was applied. Also, the rate of 
decrease in RC was higher in lower pH, especially in the range of 500 - 1,000 mg/L 
chitin A concentration. In addition, in spite of initial pH, decrease in RC as a function 
of chitin A became drastically with increased initial DEHP concentration. On the 
other hand, increase in initial DEHP concentration leaded RE decreased in pH 2, but 
increased in pH 2.5, 3 and 4. 
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Figure 4.8 The (a) Langmuir and (b) Freundlich adsorption isotherms of D E H P by 
chitin A. The experimental conditions: D E H P solution volume = 50 mL, chitin A 
concentration = 500 mg/L, particle size < 150 |im, initial pH = 2, biosorption time 二 
5 min, agitation rate = 150 rpm, temperature 22±2°C. Data shown above represent 
means of triplicates and the error bars represent the standard deviations. 
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Figure 4.9 The D E H P (a) R C and (b) RE of different chitin A concentrations at 
different initial pHs of different initial D E H P concentrations. The experimental 
conditions: D E H P solution volume = 50 mL, particle size < 150 |xm, biosorption time 
= 5 min, agitation rate = 150 rpm, temperature = 22士2。C. Data shown above 
represent means of triplicates. 
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4.1.2.8 Summary of biosorption conditions before and after optimization 
Table 4.2 summarizes the DEHP RC, RE and biosorption conditions before 
and after optimization. 
Table 4.2 Summary of DEHP RC, RE and biosorption conditions before 
and after optimization for removal of 10 mg/L DEHP. 
Parameter Before optimization After optimization 
Chitin A concentration (mg/L) 16,000 500 
Initial pH 4 2 
Biosorption time (min) 60 5 
Temperature f C ) 22±2 22±2 
Agitation rate (rpm) 200 150 
RC (mg/g) 0.28 17.16 
RE (%) 48.11 89.80 
4.2 Extraction of adsorbed D E H P from chitin A 
4.2.1 Screening of extraction agents 
The data obtained for extraction by different agents is presented in Figure 
4.10. Based on the statistical analysis, the order of EE among the five extraction 
agents studied was: methanol > ethanol > h e x a n e � 0 . 1 M NaOH > 0.1 M HCl, 
which indicating that organic solvents (methanol, ethanol and hexane) performed 
better than inorganic solvents (0.1 M NaOH and 0.1 M HCl) in terms of extraction. 
As methanol is the most effective extraction agent (EE = 102.02%), it was used to 
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Figure 4.10 The extraction efficiency of DEHP from chitin A by using different 
extraction agents. The experimental conditions of biosorption: DEHP solution 
volume = 100 mL, initial DEHP concentration = 1 0 mg/L, chitin A concentration = 
500 mg/L, particle size < 150 |Lim, initial pH = 2, biosorption time = 5 min, agitation 
rate = 150 rpm, temperature = 22±2°C. The experimental conditions of extraction: 
Extraction agent volume = 5 mL, extraction time = 60 min, agitation rate = 360 rpm, 
temperature = 22±2°C. Data shown above represent means of triplicates. Means with 
same letter are statistically identical (One Way ANOVA followed by Tukey test, 
p<0.05) and the error bars represent the standard deviations. 
4.2.2 Determination of extraction time 
The EEs of different extraction time, which demonstrated in Figure 4.11, 
exhibited similar behaviour. The EEs ranged from 93.47 to 102.02% showed no 
statistical difference. Ten min was preferred to use as the extraction time in the 
following experiment. 
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Figure 4.11 The extraction efficiency of DEHP from chitin A with different extraction 
times. The experimental conditions of biosorption: DEHP solution volume = 100 mL, 
initial DEHP concentration = 10 mg/L, chitin A concentration = 500 mg/L, particle 
size < 150 |Lim, initial pH = 2, biosorption time = 5 min, agitation rate = 150 rpm, 
temperature = 22±2®C. The experimental conditions of extraction: Methanol volume 
= 5 mL, agitation rate = 360 rpm, temperature = 22±2°C. Data shown above represent 
means of triplicates. Means with same letter are statistically identical (One Way 
ANOVA followed by Tukey test, p<0.05) and the error bars represent the standard 
deviations. 
4.3 Batch P C O experiment 
4.3.1 Optimization of P C O conditions 
4.3.1.1 Effect of reaction time 
The time course of DEHP degradation was assessed. As depicted in Figure 
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4.12, a rapid degradation occurred at the first 10 min, then the increase retarded. At 
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Figure 4.12 The DEHP DE of different reaction times. The experimental conditions 
of biosorption: DEHP solution volume = 100 mL, initial DEHP concentration = 10 
mg/L, chitin A concentration = 500 mg/L, particle size < 150 |im, initial pH = 2， 
biosorption time = 5 min, agitation rate = 150 rpm, temperature = 22±2°C. The 
experimental conditions of PCO: chitin A concentration = 500 mg/L, UV-A intensity 
=0.44 mW/cm^ (4 UV lamps), TiO! concentration = 150 mg/L, H2O2 concentration = 
20 mM, pH = 4 (unadjusted). Data shown above represent means of triplicates. 
Means with same letter are statistically identical (One Way ANOVA followed by 
Tukey test, p<0.05) and the error bars represent the standard deviations. 
4.3.1.2 Effect of UV-A intensity 
The dependence of DEHP degradation on UV-A intensity is shown in 
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Figure 4.13. Without UV-A irradiation, DE �Oo/o. DE increased accompanying with 
UV-A intensity, with 0 - 0.22 mW/cm^ showed great improvement while 0.22 - 0.65 
mW/cm^ declared slight effect. UV-A intensity beyond 0.66 mW/cm^ was ineffectual, 
thus 0.66 mW/cm was chosen as the best UV-A intensity. 
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Figure 4.13 The DEHP DE of different UV-A intensities. The experimental 
conditions of biosorption: DEHP solution volume = 100 mL, initial DEHP 
concentration = 10 mg/L, chitin A concentration = 500 mg/L, particle size < 150 |Lim, 
initial pH = 2, biosorption time = 5 min, agitation rate = 150 rpm, temperature = 
22±2°C. The experimental conditions of PCO: chitin A concentration = 500 mg/L, 
reaction time = 45 min, TiO� concentration = 150 mg/L, H2O2 concentration = 20 
mM, pH = 4 (unadjusted). Data shown above represent means of triplicates. Means 
with same letter are statistically identical (One Way ANOVA followed by Tukey test, 
p<0.05) and the error bars represent the standard deviations. 
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4.3.1.3 Effect of TiOj concentration 
It can be seen from Figure 4.14 that the addition of photocatalyst is notably 
improving the degradation of the model pollutant itself in comparison to direct 
photolysis, i.e. 0 mg/L TiOz. Started from 0 to 50 mg/L TiCh, DE increased from 
about 0 to 27.64% and reached 44.79% at an optimal concentration of 100 mg/L. For 
the remaining concentrations studied, the DEs were alike. 
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Figure 4.14 The DEHP DE of different TiOz concentrations. The experimental 
conditions of biosorption: DEHP solution volume = 100 mL, initial DEHP 
concentration =10 mg/L，chitin A concentration = 500 mg/L, particle size < 150 jim, 
initial pH = 2, biosorption time = 5 min, agitation rate = 150 rpm, temperature 二 
22±2°C. The experimental conditions of PCO: chitin A concentration = 500 mg/L, 
reaction time = 45 min, UV-A intensity = 0.65 mW/cm^ (6 UV lamps), H2O2 
concentration = 20 mM, pH = 4 (unadjusted). Data shown above represent means of 
triplicates. Means with same letter are statistically identical (One Way ANOVA 
followed by Tukey test, p<0.05) and the error bars represent the standard deviations. 
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4.3.1.4 Effect of H2O2 concentration 
From Figure 4.15，DE 二 22.37% without the addition of H2O2. H2O2 of 5 
mM appeared to be the optimal concentration considering the degradation of DEHP 
(DE = 42.49%), whereas in the presence of lower H2O2 concentration smaller (DE = 
22.37%) and in the case of higher ones resembling DEs (DE fluctuated within 42.53 
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Figure 4.15 The DEHP DE of different H2O2 concentrations. The experimental 
conditions of biosorption: DEHP solution volume = 100 mL, initial DEHP 
concentration =10 mg/L, chitin A concentration = 500 mg/L, particle size < 150 \im, 
initial pH = 2，biosorption time = 5 min, agitation rate = 150 rpm, temperature = 
22±2°C. The experimental conditions of PCO: chitin A concentration = 500 mg/L, 
reaction time = 45 min, UV-A intensity = 0.65 mW/cm^ (6 UV lamps), TiO� 
concentration =100 mg/L, pH = 4 (unadjusted). Data shown above represent means 
of triplicates. Means with same letter are statistically identical (One Way ANOVA 
followed by Tukey test, p<0.05) and the error bars represent the standard deviations. 
60 
4.3.1.5 Effect of initial pH 
The depletion of DEHP studied under different pHs is presented in Figure 
4.16. The DEHP degraded was 17.84% at pH 2, then DE ascended from 17.84 to 
42.49% when pH rose from 2 to 4. Afterwards, the obtained DEs were almost 
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Figure 4.16 The DEHP DE of different pHs. The experimental conditions of 
biosorption: DEHP solution volume =100 mL, initial DEHP concentration = 10 
mg/L, chitin A concentration = 500 mg/L, particle size < 150 jum, initial pH = 2， 
biosorption time = 5 min, agitation rate = 150 rpm, temperature = 22±2�C. The 
experimental conditions of PCO: chitin A concentration = 500 mg/L, reaction time = 
45 min, UV-A intensity = 0.65 mW/cm^ (6 UV lamps), TiOi concentration 二 100 
mg/L, H2O2 concentration = 5 mM. Data shown above represent means of triplicates. 
Means with same letter are statistically identical (One Way ANOVA followed by 
Tukey test, p<0.05) and the error bars represent the standard deviations. The numbers 
represent the equilibrium pHs of the solution mixture. 
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4.3.1.6 Combinational effect of H2O2 concentration and initial pH 
Combinational effect of H2O2 concentration and initial pH is represented in 
Figure 4.17. The highest degradation rate of DE = 61.35% was observed at pH 12 
with 10 m M H2O2 added. While for other pH values with different concentrations of 
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Figure 4.17 The DEHP DE of different H2O2 concentrations and pHs. The 
experimental conditions of biosorption: DEHP solution volume = 100 mL, initial 
DEHP concentration = 10 mg/L, chitin A concentration = 500 mg/L, particle size < 
150 |im, initial pH = 2, biosorption time = 5 min, agitation rate = 150 rpm, 
temperature = 22±20C. The experimental conditions of PCO: chitin A concentration 
=500 mg/L, reaction time = 45 min, UV-A intensity = 0.65 mW/cm^ (6 U V lamps), 
Ti02 concentration = 100 mg/L. Data shown above represent means of triplicates. 
Means with same letter are statistically identical (One Way A N O V A followed by 
Tukey test, p<0.05) and the error bars represent the standard deviations. 
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4.3.1.7 Effect of CF 
The effect of different CFs with reaction times was researched and the 
outcome is displayed in Figure 4.18. Compare CF = 1 with 2, when CF increased, 
both the degradation rates and DE values dropped, which can be validated by the 
figures that the DE of CF = 1 was 67.57% while that of CF = 2 was 51.97% after 120 
min reaction time. On the contrary, for CF = 0.5, the initial DEHP degradation rate 
was found to be more dilatory than CF = 1，yet, its DE slowed down in a lesser 
extent, that's why its DE moved toward that of CF = 1 when reaction time prolonged. 
And their DEs were almost identical (DE of CF = 0.5 was 68.06%, DE of CF = 1 
was 67.57%) after 120 min irradiation. 
4.3.1.8 Summary of P C O conditions before and after optimization 
Table 4.3 summarized the DEHP DE and PCO conditions before and after 
optimization. 
Table 4.3 Summary of DEHP DE and PCO conditions before and after 
optimization. 
Parameter Before optimization After optimization 
Reaction time (min) 60 45 
UV-A intensity (mW/cm^) 0.44 (4 UV lamps) 0.65 (6 UV lamps) 
Ti02 concentration (mg/L) 150 100 
H2O2 concentration (mg/L) 20 10 
Initial pH 4 12 
DE (%) 46.08 61.35 
63 
1 0 0 -r-
8 0 - ^ 
茨 ab ab a i 
t： 
』 —#— Concentration factor = 0.5 
0 _ c • e d Concentration factor = 1 
• Concentration factor = 2 
1 1 1 1 1 1 1 
0 20 40 60 80 100 120 140 
Reaction time (min) 
Figure 4.18 The DEHP DE of different concentration factors and reaction times. The 
experimental conditions of biosorption: DEHP solution volume = 100 mL, initial 
DEHP concentration = 10 mg/L, chitin A concentration = 500 mg/L, particle size < 
150 i^m, initial pH = 2, biosorption time = 5 min, agitation rate = 150 rpm, 
temperature = 22±2®C. The experimental conditions of PCO: UV-A intensity = 0.65 
mW/cm^ (6 U V lamps), Ti02 concentration = 100 mg/L, H2O2 concentration = 10 
m M and pH = 12. Data shown above represent means of triplicates. Means with 
same letter are statistically identical (One Way A N O V A followed by Tukey test, 
p<0.05) and the error bars represent the standard deviations. 
4.3.2 Identification of intermediates/products of DEHP 
Eight intermediates/products were detected and listed in Table 4.4, 
including four phthalates, an ester and anhydride together with some aliphatic 
compounds. 
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Table 4.4 Degradation intermediates/products identified by GC/MS. 
Group Name Structure 
Phthalates Dimethyl phthalate n 
U ^ o 、 
0 
Diethyl phthalate m 
0 
Dibutyl phthalate n 
0 
Methyl 2-ethylhexyl phthalate ?\ 
〇 
权ter 1,2-benzenedicarboxylic acid, o 
monobutyl ester [| ^^ OH 
0 
Anhydride Phthalic anhydride o 
I 0 
0 






4.3.3 Evaluation for the toxicity of D E H P and the intermediates/products by 
the Microtox® test 
The toxicity change of 10 mg/L DEHP adsorbed on 50 mg chitin A in 100 
mL solution in aqueous phase and solid phase are illustrated in Tables 4.5 and 4.6, 
respectively. All the EC50s obtained in the liquid phase test was > 100%, it can 
conclude that the toxicity was mainly contributed by the parental compound and 
intermediates/products presented in solid phase. To rivet on the solid phase test, 
EC50 (10 min) increased by about 5-fold, from 7,754 mg/L at 0 h to 40,833 mg/L at 
8 h, which signify convincingly the toxicity of the parental compound and 
intermediates/products was decreasing. 
Table 4.5 Toxicity change of PCO filtrate evaluated by the Microtox® Basic or 100% 
test. 
Irradiation time (h) EC50 (5 min) (%) EC50 (10 min) (%) EC50 (15 min) (%) 
0 > 100 > 100 > 100 
0.5 > 100 > 100 > 100 
1 > 100 > 100 > 100 
2 > 100 > 100 > 100 
4 > 100 > 100 > 100 
6 > 100 > 100 > 100 
8 > 100 > 100 > 100 
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Table 4.6 Toxicity change of PCO residue 
evaluated by the Microtox® Solid Phase test 
(Data in parenthesis represented the 95% 
confidence range). 
Irradiation time (h) EC50 (10 min) (mg/L) 
0 7,754 (6,363 - 9,448) 
0.5 28,048 (25,047-31,409) 
1 36,510(33,471 - 39,825) 
2 24,482 (23,390 - 25,625) 
4 52,649 (49,321 -56,201) 
6 46,005 (44,948 - 47,087) 
8 40,833 (37,638 - 44,299) 
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5. Discussion 
5.1 Batch biosorption experiment 
5.1.1 Screening of biosorbents 
Different biosorbents have different biosorption abilities. Therefore, it is 
necessary to screen out the biosorbent with the highest removal ability and at a 
competitive low cost. 
In the aspect of DEHP affinity to chitinous materials, the order was: chitin 
C > chitin A > chitin B. It was due to the compositional difference between them. 
Chitin is a polymerized form of A^-acetyl glucosamine, but for chitosan as it had 
undergone deacetylation, a large fraction of the repeating units is replaced by amino 
groups. The presence of these amino groups increases its adsorption ability when 
compared to that of chitin (Evans et al., 2002). The removal of DEHP by chitin A 
was prior to that of chitin B. This is because chitin A is crude chitin, apart from the 
chitin content, it also consists of other components such as protein, calcium and 
magnesium carbonate, lipid and ash (Kim & Park，2001; Chan, 2002b). On the 
contrary, chitin B is pure chitin with high chitin content, so it is possible that the 
impurities influence chitin during DEHP removal (Chan, 2002b). The study of Kim 
and Park (2001) gave similar result when Pb^^ was used as the model compound. It 
9+ 
indicated Pb taken up by complexing with chitin alone accounts for a relatively 
small portion of the total Pb removed. 
Chitin A was chosen to be used for further study, because of its 
competitively low cost due to fewer steps were required during production processes. 
According to the results shown in Table 5.1, though chitin C has a two times 
adsorption ability higher than chitin A, its cost is 40 times of chitin A. In addition, it 
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is believed that higher removal ability could be achieved after optimization, hence 
chitin A was defined as the most cost-effective biosorbent among the chitinous 
materials studied. 
Table 5.1 The RC, RE and cost of chitinous materials. 
Biosorbent RC (mg/g) RE (%) Cost (HK$/kg) 
Chitin A 0.28 48.11 130 
Chitin B 0.14 23.48 3,600 
Chitin C 0.56 95.05 5,200 
5.1.2 Optimization of biosorption conditions 
5.1.2.1 Effect of biosorbent concentration 
RC is the amount of adsorbate adsorbed per unit weight of biosorbent, as 
the chitin A concentration raised, less DEHP was adsorbed by one biosorbent when 
the amount of DEHP in the solution mixture was unchanged. On the contrary, RE 
was increased when more chitin A was added, as more binding sites were available 
for biosorption, and thus more DEHP could be removed. 
In the study of biosorption, RC is always a more important criterion than 
RE as RC reveals the true removal ability of biosorbent by telling us the amount of 
DEHP removed by unit weight of biosorbent, while RE does not (Chan et al., 2004). 
So, in the present study, chitin A concentration of 500 mg/L was selected due to its 
highest RC value. 
5.1.2.2 Effect of initial pH 
Wang et al. (2000) stated one of the most important parameters in 
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biosorption is pH, since it influences the surface charge properties of the biosorbent, 
and therefore the adsorption behaviour of pollutant. This can be testified by the data 
of the initial pH effect shown in Figure 4.3. 
Although the pH of the solution with chitin A increased with the dissolution 
of CaCOs to Ca2+ and COs^", for initial pH 2, equilibrium pH value was similar to its 
initial value because there was sufficient H+ in solution to react with the released 
CO32- (Kim & Park，2001). Under acidic equilibrium pH, chitin A existed mainly in 
neutral form which favoured the adsorption of non-ionic DEHP molecules. 
The DEHP removal decreased and remained almost constant irrespective of 
the pH increased after pH 4. Due to the presence of the equilibrium pH of 
these solution mixtures became either neutral or alkaline, leaded increase in the 
number of negative charge group on chitin A,s surface and thus smaller attraction of 
the no charged DEHP molecules. 
In addition, it was not possible to obtain RC or RE for pH 1 because 
precipitation of the model compound occurred under this condition. 
As the removal ability of chitin A was markedly improved under acidic 
environment, initial pH 2 was chosen as the condition for DEHP removal. 
5.1.2.3 Effect of biosorption time 
The initial rate of DEHP adsorption by chitin A was rapid, because of the 
sufficient availability of binding sites on chitin A. Then, DEHP removal reached 
maximum at 2 min followed by a plateau region, which indicated that under this 
experimental conditions, the binding sites would be saturated within 2 min. 
To guarantee a complete biosorption, 5 min was used for the time of 
biosorption in the following experiment yet the time to reach the equilibrium state 
was 2 min. 
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5.1.2.4 Effect of temperature 
Based on the results, the DEHP RC and RE showed no significant 
difference regardless of temperature variation. This could be explained by the fact 
that biosorption of DEHP by chitin A is temperature-independent. 
The room temperature (22士2°C) was the optimal temperature as 
biosorption takes under room temperature is the most economic and feasible (Chan, 
2002b). 
5.1.2.5 Effect of agitation rate 
Among the agitation rates studied, the values of RC and RE showed no 
statistically difference after analysis. This implied, similar to temperature effect, 
agitation rate effect was less significant compared with other physicochemical 
factors. 
One hundred and fifty rpm was selected due to the fact that agglomeration 
and sedimentation of chitin A was observed when 100 rpm was applied, in such 
condition, some of biosorbent surface became unavailable for adsorption and 
insufficient contact between adsorbate and biosorbent occurred (So et al., 2002). 
Hence, the second lowest condition (i.e. 150 rpm) was the selection. 
5.1.2.6 Effect of initial D E H P concentration 
RC increased drastically within the initial DEHP concentration ranged 
from 5 to 40 mg/L since the presence of more DEHP molecules increased collision 
chance. On the contrary, RE values remained more or less the same within the 
condition examined. It was because the adsorption ability of chitin A was not yet 
maximized. 
The two adsorption models, Langmuir and Freundlich isotherms were used 
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to determine the adsorption mechanism of DEHP by chitin A. Before making any 
conclusion, the fitness of the isotherms should be determined. This could be 
conducted by comparing the r of the isotherms. The high value r in both isotherms 
indicated biosorption process of DEHP by chitin A well-fitted both isotherms, and 
both homogenous and heterogeneous phenomenon took place with heterogeneous 
being the major one. 
In the aspect of isotherm constants, for Langmuir constants, qmax was 125 
mg DEHP/g chitin A, which confirmed with aforementioned that larger amount of 
DEHP can be adsorbed onto the not maximized chitin A theoretically, b was 0.17 
L/mg which showed quite a strong bonding between DEHP and chitin A. For 
Freundlich constants, k was 4.23, it indicated the relative amount of DEHP that can 
be adsorbed by chitin A. \/n reflected the system suitability. The adsorption is 
accounted to be favourable when 1/n < 1, and vice versa (Sag et al., 2000). In the 
present study, \/n = 0.69, which meant biosorption of DEHP by chitin A was under 
favourable conditions. Table 5.2 compares the isotherm constants of the present work 
with other studies. 
Table 5.2 Comparison of the isotherm constants of DEHP removal by using different 
biosorbents. 
Beached Sargassum p-cyclodextrin 
Isotherm 
Chitin A seaweed siliquastrum (Murai et al, 
constant 
(Chan, 2002a) (Chan, 2002a) 1998) 
qmax (mg/g) 125 50.25 59.17 N.D.* 
b (L/mg) 0.17 0.08 0.09 N.D. 
K 4.23 4.00 6.96 0.41 
*N.D. = Not determined 
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All the evidences gave the same implication: the removal ability of DEHP 
by chitin A was higher than that of seaweed biomass and P-cyclodextrin. 
5.1.2.7 Combinational effect of initial pH, chitin A concentration and initial 
D E H P concentration 
In order to see the biosorption of DEHP by chitin A more comprehensively, 
combinational effect was investigated. Three most indispensable parameters, initial 
pH, chitin A concentration and initial DEHP concentration were picked out for 
monitoring. Experimental results showed RC variation was greater when smaller 
amount of chitin A was applied. Also, the rate of decrease in RC was higher in lower 
pH, especially in the range of 500 - 1,000 mg/L chitin A concentration. When small 
amount of chitin A was used, the influence on RC was greater as the consequence on 
equilibrium pH by smaller amount of chitin A was more significant. In addition, in 
spite of initial pH, decrease in RC as a function of chitin A became drastically with 
increased initial DEHP concentration. This phenomenon was due to the reason that 
when the initial DEHP concentration was relatively low, most of the DEHP could be 
removed by chitin A, and thus the biosorbent concentration effect was not obvious 
(Kim, 2003). 
On the other hand, the increase in initial DEHP concentration leaded RE 
decreased in pH 2，but increased in pH 2.5，3 and 4. It was because the RE values 
were much lower in pH 2.5, 3 and 4，so it gave room for improvement, and it was 
possible that the RE would eventually decreased when initial DEHP concentration 
higher than 40 mg/L was applied. 
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5.2 Extraction of adsorbed D E H P from chitin A 
5.2.1 Screening of extraction agents 
Due to the fact that DEHP is an organic compound, organic solvents served 
as better extraction agents than inorganic ones based on the like-dissolve-like 
principle. Methanol, the one would be used as the extraction agent, was proved to 
have the highest extraction efficiency. 
5.2.2 Determination of extraction time 
Desorption process was saturated as fast as 5 min, it proved that methanol 
was an effective extraction agent. Ten min was chosen as the extraction time to 
ensure complete extraction ultimately. 
5.3 Batch photocatalytic oxidation experiment 
5.3.1 Optimization of P C O conditions 
5.3.1.1 Effect of reaction time 
As a matter of fact, increased reaction time increased •OH generation 
which is necessary to keep PCO progress. In addition, it was expected and found that 
the interference of intermediates along with lessening of target compound 
corresponded to the DE retardation (Lu et al., 1993; Chan et al., 2001). 
5.3.1.2 Effect of UV-A intensity 
The incident of DE �Oo/o in the absence of UV-A illumination gave 
evidence for the necessity of UV-A in PCO process. Besides, it is understandable that 
74 
the amount of photon absorbed by catalyst is determined by the illumination source, 
therefore DE increased with UV-A intensity (So et al” 2002). But UV-A intensity 
beyond 0.66 mW/cm was ineffectual which denoted the inefficient utilization of the 
light energy after the optimal point (So et al； 2002). 
5.3.1.3 Effect of TiOi concentration 
Without catalyst dosage, DE �Qo/o，which indicated, same as UV-A, Ti02 is 
an essential component in PCO. The stimulation of photocatalysis at 0 - 100 mg/L 
TiOi was due to the increase of photocatalyst loading that increased available active 
sites (Zhu et al., 2000; So et al” 2002). But a further increase would cause light 
scattering and reduction in catalyst activity (Lea & Adesina, 1998; Andreozzi et al., 
2000; Zhu et al., 2000; Vione et al., 2001; So et al., 2002). 
5.3.1.4 Effect of H2O2 concentration 
H2O2 is not a must in the PCO process of DEHP, which verified by the 
findings that degradation occurred at 0 mM H2O2 despite the rate was low. Increase 
H2O2 concentration accelerated DEHP degradation up to an optimal point (5 mM) 
was due to the enhancement effect of H2O2. H2O2 serves two roles in PCO: •OH 
generator and electron acceptor in conduction band (e_cB) (Chan, 2002a; So et al., 
2002). 
H2O2 + hv 2«0H (19) 
H2O2 + •02" -OH + OH" + O2 (20) 
H2O2 + e'cB -> •OH + OH" (21) 
More H2O2 favored the generation of •OH and depressed the 
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recombination of photoinduced electron-hole pairs and thus increased the quantum 
efficiency of UV-A radiation and resulted in higher reaction rate (Wen et al., 2003). It 
is interesting to note that, however, beyond the optimal concentration, inhibition 
arose as H2O2 became a scavenger of 'OH and holes in valance band (h+vB) (So et al” 
2002). 
H2O2 + .OH — H2O + •OOH (22) 
•OOH + -OH H2O + O2 (23) 
H2O2 + 2h+vB - > 0 2 + 2H+ (24) 
As •OH and h+vB are strong oxidizing agents, elimination of them will 
impede PCO reaction. Moreover, H2O2 can modify TiO! surface by adsorption onto it 
and consequently decrease its catalytic activity (Malato et al., 1998; So et al., 2002). 
5.3.1.5 Effect of initial p H 
At pH 4 - 12, degradation occurred predominantly due to •OH reactions, 
the decrease of DE at pH 2 was probably because of the significant reduction of •OH 
formation in extremely acidic reaction system (Zhu et al； 2000; Chan et al., 2001; 
So et al., 2002). 
h+vB + OH- •OH (25) 
In addition, acidic pH may also lead to the loss of activated surface of TiO�. 
Agglomeration of Ti02 would occur in the presence of large amount of H+ (Fox & 
Dulay, 1993; So et al； 2002). And introduction of CI" as HCl, may inactivate TiO] 
surface owing to protonation, followed by the adsorption of CI' onto the catalyst's 
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surface (Epling & Lin，2002). 
TiOH + H+ + Cr TiCl + H2O (26) 
5.3.1.6 Combinational effect of H2O2 concentration and initial pH 
Since pH other than 12 showed no contribution to DE improvement, it is 
obvious that the determinating factor is not H2O2 concentration but rather the initial 
pH effect. Assuming that TiOi had attached on chitin A during equilibration, one 
should expect higher degradation rate when pH 12 was used which desoiption of 
DEHP is relatively intense. When DEHP is preferably in aqueous phase, it can ward 
off the probability that TiO� and DEHP are attached on chitin A but at two different 
binding sites which lead them cannot contact with each other and initiate the 
degradation. 
Increased H2O2 concentration at pH 12 enhanced DE, as free DEHP 
molecules can be degraded faster due to larger collision chance when more H2O2 that 
guaranteed higher •OH production is used. 
5.3.1.7 Effect of CF 
The phenomenon that both the degradation rates and DE values dropped 
when CF increased was due to the light scattering and hence reduction in quantum 
efficiency of UV-A radiation, which caused by the lightproof chitin A. And another 
possible reason was the competition between DEHP molecules for the limited 
catalytic sites on TiO: particles. Conversely, since the concentration of DEHP 
molecules of CF = 0.5 was too low that reduce the collision chance, its initial DEHP 
degradation rate was more dilatory than CF = 1. In spite of that, its DE approached to 
that of CF = 1 when sufficient time was supplied for the reaction. Further prolong 
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irradiation may achieve complete degradation but it is not possible in commercial 
application (Epling & Lin, 2002). 
5.3.2 IdentiHcation of intermediates/products of D E H P 
PCO reaction was conducted without the addition of H2O2, as to slow 
down the PCO process and thus more intermediates/products could be identified. 
During PCO reaction, there are two possible sites for the attack of •OH generated, 
the aliphatic chain and the aromatic ring. The nature of the identified intermediates 
gives evidence for a major attack on the aliphatic chain, which is a general finding in 
the study of Bajt et al. (2001) that used dibutyl phthalate as the model compound 
rather. The presence of the phthalates indicated the scission of •OH on the aliphatic 
chains, on the other hand, the ester was result from hydroxylation while phthalic 
anhydride was believed to be the consequence of water removal from 
1,2-benzenedicarboxylic acid though it could not be identified in the present work. 
The identified intermediates/products are in agreement with the results 
obtained by Chan (2002a) who used DEHP alone instead. Chan found more 
intermediates/products involving itaconic anhydride, methyl-succinic anhydride and 
acetic anhydride. All these compound's structures are simpler than those found in this 
study. The difference of the intermediates/products obtained in the current system 
can be attributed to the presence of chitin which lowered the degradation rate and 
leaded to the formation of trace quantities of intermediates/products below the 
detection limit of the analytical procedure. Supposed the reaction mechanism is the 
same for the same organic compound, we can put forward the formation of 
intermediates/products with smaller molecular weight (Chan et al., 2001). 
To conclude, DEHP was degraded to some extent by PCO, however, since 
not all of the intermediates/products could be identified or the reaction time was still 
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too short for the intermediates/products formation, we could not deduce if DEHP 
could be totally mineralized in the optimized conditions. 
5.3.3 Evaluation for the toxicity of D E H P and the intermediates/products by 
the Microtox® test 
The Microtox® test was conducted with the sample from PCO reaction that 
carried out in the absence of H2O2, as it is toxic to the test organism. Therefore, in 
real application, the rate of detoxification will be much faster. Since DEHP desorbed 
from chitin A during PCO reaction as aforementioned, liquid phase Microtox® test 
was conducted in addition to solid phase test in order to examine the entire toxicity 
change. Chan (2002a) determined the EC50 (5 min) and EC50 (15 min) of 20 mg/L 
DEHP in aqueous phase were 50.48 and 52.7%, respectively. In the current work, 
though DEHP has been detected in liquid phase, its toxicity was inferior to solid 
phase which due to the reason that its concentration was rather low throughout the 
experiment, and the main toxicity was contributed by the solid phase. The 
detoxification of the parental compound and intermediates/products in the solid 
phase was because of the degradation capacity of PCO and the result also manifested 




The present study focuses on the integrated treatment, biosorption prior to 
PCO, for DEHP remediation. The experimental results were summarized below. 
For biosorption: 
- T h e biosorbent affinity series (i.e. chitin C > chitin A > chitin B) reflecting the 
compositional difference of chitinous materials. Chitin A was chosen as the most 
cost-effective biosorbent. 
- T h e increase of chitin A concentration caused RC decrease but RE increase. RC 
decreased as less DEHP was adsorbed by one biosorbent while RE increased 
because more binding sites were available. 
- The performance of biosorption was strongly affected by initial pH. The optimal 
RE was achieved at pH 2，in which chitin A existed mainly in neutral form that 
favoured the adsorption of non-ionic DEHP molecules. 
-B iosorp t ion time was as rapid as 5 min. 
- B o t h temperature and agitation rate showed restricted effect on biosorption which 
indicated they were less significant compared to other physicochemical factors. 
- According to the r^  obtained, the well-fitness of the Langmuir and Freundlich 
adsorption isotherms designated both homogenous and heterogeneous adsorption 
took place with heterogeneous being the major one. 
For PCO: 
- D E rose as reaction progress because of the continuous generation of •OH. 
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- U V - A and TiOi are necessity in the present PCO system. 
- H 2 O 2 could enhance PCO process but is not essential. 
- T h e low DE at pH 2 was because of the significant reduction of •OH formation 
and loss of activated surface of TiO�. 
- I n c r e a s e CF leaded to the drops of degradation rate and DE. It was due to the 
effect of light scattering instigated by chitin A. On the contrary, CF decreased 
with DE since DEHP concentration was too low that reduce the collision chance. 
-Degrada t ion intermediates/products identified include dimethyl phthalate, diethyl 
phthalate, dibutyl phthalate, methyl 2-ethylhexyl phthalate, 
1,2-benzenedicarboxylic acid, monobutyl ester, phthalic anhydride, 
2-ethylhexanol and 4-methylpentanoic acid, methyl ester. 
- Monitoring of toxicity loss by the Microtox® test showed that PCO could 
detoxify DEHP and the toxic intermediates/products generated. 
Basic study on the integration of biosorption and PCO of DEHP has been 
carried out. The current findings proved biosorption by chitin A is a viable method 
for effectively removing DEHP in aqueous solution and DEHP preadsorbed on chitin 
A was susceptible to PCO degradation. Nevertheless, there is still much room for 
improvement in order to make this treatment technology meet the commercial 
application requirement. Future work for this study can be: 
- It showed that DE can be enhanced when DEHP was in free form, desorption of 
DEHP prior to PCO should be carried out. 
-Degrada t ion of DEHP using other sources of energy (e.g. visible light or even 
sunlight) could maximize the cost-effectiveness of the treatment method. 
- The present treatment method is recommended to apply to the actual wastewater 
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since the effect of different impurities may affect its performance. 
- F u r t h e r investigation is worthwhile to show the feasibility of this integrated 
method for other pollutant and adsorbent combination. 
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